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We report the 1.8 A˚ structure of yeast poly(A)
polymerase (PAP) trapped in complex with
ATP and a five residue poly(A) by mutation of
the catalytically required aspartic acid 154 to
alanine. The enzyme has undergone significant
domain movement and reveals a closed confor-
mation with extensive interactions between the
substrates and all three polymerase domains.
Both substrates and 31 buried water molecules
are enclosed within a central cavity that is open
at both ends. Four PAPmutants were subjected
to detailed kinetic analysis, and studies of the
adenylyltransfer (forward), pyrophosphorolysis
(reverse), and nucleotidyltransfer reaction utiliz-
ing CTP for the mutants are presented. The re-
sults support a model in which binding of both
poly(A) and the correct nucleotide, MgATP, in-
duces a conformational change, resulting in
formation of a stable, closed enzyme state.
Thermodynamic considerations of the data are
discussed as they pertain to domain closure,
substrate specificity, and catalytic strategies
utilized by PAP.
INTRODUCTION
Polyadenylation is an essential step in mRNA maturation,
and the poly(A) tails at the 30 end of mRNA facilitate mRNA
transport from the nucleus, enhance translational effi-
ciency, and increase mRNA longevity in the cytoplasm
(Edmonds, 2002; Gilmartin, 2005; Zhao et al., 1999). In eu-
karyotes, the apparatus responsible for polyadenylation is
physically coupled to that of mRNA cleavage, and in yeast
these processes involve a complex of over a dozen indi-
vidual subunits (Zhao et al., 1999). These subunits are
recruited to the phosphorylated C-terminal tail of RNA
polymerase II during transcription, and they recognize
polyadenylation signal sequences and enhancer elements
on the pre-mRNA transcripts. In mammals, the pre-mRNA
is likely to be cleaved by CPSF-73 (Mandel et al., 2006)
(Ysh1 in yeast), and in all eukaryotes it is then polyadeny-
lated by PAP, the poly(A) polymerase.Structure 15, 1117–1131,PAP is a template-independent polymerase that be-
longs to the DNA polymerase b (pol b) family of enzymes.
Although it functions as part of the cleavage/polyadenyla-
tion complex, the isolated enzyme retains catalytic activity
and nucleotide specificity (Edmonds, 1990). Crystal struc-
tures of yeast and bovine PAP have shown that PAP is
composed of three globular domains which surround
a central, substrate-binding cleft (Bard et al., 2000; Martin
et al., 2000). The N-terminal domain (residues 40–190)
bears homology to the ‘‘palm domains’’ of pol b nucleoti-
dyltransferases (Aravind and Koonin, 1999). The middle
domain (residues 1–39 and 190–353) is functionally,
though not structurally, analogous to the fingers domains
of template-directed polymerases. TheC-terminal domain
(residues 354–530) is responsible for binding the yeast
cleavage/polyadenylation subunit Fip1 (Helmling et al.,
2001; Preker et al., 1995). The three PAP domains are con-
nected by a set of hinges which allow them to move as
essentially rigid bodies with respect to one another.
Domain motion is certainly a component of the induced-
fit mechanism exhibited by PAP (Balbo et al., 2005).
However, the structural basis of the effect of domain
movement on catalysis and on substrate binding has not
been understood in the absence of a crystal structure of
a PAP-MgATP-RNA ternary complex.
Here we present the crystal structure of a single-site
mutant (D154A) of yeast poly(A) polymerase in complex
with MgATP and a 5-mer oligoadenylate RNA molecule.
The structure is in a closed state, and the enzyme makes
extensive interactions with four RNA nucleotides and the
MgATP which are bound within the central cleft. Previous
crystallographic studies (Balbo et al., 2007; Bard et al.,
2000; Martin et al., 2000) have shown that the domains
can assume various intermediate states of closure,
and fluorescence quenching studies (Balbo et al., 2007)
have indicated that maximal solvent protection of the ac-
tive site requires the presence of both ATP and poly(A)
substrates, suggesting that the presence of these
substrates induces the domains to close. In addition to
detailing the structural determinants for substrate binding,
we present a complete steady-state characterization of
four site-directed mutants. The results support a model
in which the binding of both substrates (poly[A] and
MgATP) induces the conformational change, resulting in
stabilization of the closed enzyme state and enabling
catalysis.September 2007 ª2007 Elsevier Ltd All rights reserved 1117
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Structure of the PAP Ternary Complex
PAP(D154A) was crystallized with MgATP and a 5-mer
poly(A) oligonucleotide. Themutation of Asp154, a catalyt-
ically essential active site residue, renders the enzyme
inactive and was introduced to trap the closed, substrate-
bound complex. This mutation resulted in only one of the
catalytically required metals being bound at the active
site, but the mutation does not appear to significantly per-
turb the expected positions of the bound substrates. To
our knowledge, this is the first crystal structure of a poly-
merase wherein one of the three catalytically required
aspartic acids has been mutated. There are, however,
many instances where structures have been determined
with only metal B at the active site, and in many of these
the missing metal appears to cause a relatively small
change in the nucleotide conformation. Our structure sug-
gests that the strategy of mutating one of the catalytic
aspartic acids may be generally useful, particularly in
cases where, as in PAP, using unnatural substrates to
trap the enzyme-substrate complex proves problematic.
The structure was refined to 1.8 A˚ resolution (Table 1),
and clear electron density was observed for both MgATP
andRNA (see FigureS1 in theSupplemental Data available
with this article online). In the ternary complex, the struc-
tures of individual domains are similar to those seenearlier,
but these domains have undergone significant movement
about both of the previously defined hinge regions, one
between the N-terminal and middle domains (residues
around 40 and around 190) and the other between themid-
dle and C-terminal domains (residues around 353) (Balbo
et al., 2007). As shown in Figure 1A, when compared to
the most open structure of yeast PAP (molecule A of Pro-
tein Data Bank [PDB] ID code: 1FA0), the N-terminal
domain is rotated 23.4 toward themiddle domain. The tra-
jectory of this rotation is similar to that seen earlier, but this
structure is 14.7 more closed than the most closed state
reported previously (PDB ID code: 2HHP). The C-terminal
domain is in an intermediately closed state, near the aver-
age position of this domain observed in the various crystal
structures. The translational components associated with
movements about both hinges are very small.
In earlier PAP crystal structures, a large cleft (30 A˚ long
and35 A˚ deep) was observed between the N- and C-ter-
minal domains (Balbo et al., 2007; Bard et al., 2000; Martin
and Keller, 2004; Martin et al., 2000). In these structures,
the active site is located at the bottom of this cleft, near
the interface of the N and middle domains. In the closed
state, the N- and C-terminal domains interact, closing off
the top of the cleft, but leaving openings at both ends
near the bottom (Figure 1B). The closed structure reveals
extensive contacts involving both substrates and residues
within the central cavity. In fact, the substrates themselves
largely mediate contact across the domains in the closed
state. The enzyme-substrate interface buries 2470 A˚2
(1380 A˚2 on the RNA and 1090 A˚2 on the protein); inter-
actions between the N- and C-terminal domains bury an
additional 360 A˚2 of accessible surface area. The latter1118 Structure 15, 1117–1131, September 2007 ª2007 Elsevierinterface has good shape complementarity and includes
a salt bridge between Arg125 in the N-terminal domain
and Glu373 in the C-terminal domain, located near the
top of the cleft.
The PAP-bound RNA substrate adopts an extended
conformation, and there are no contacts between the
RNA bases. In this respect, the PAP-RNA complex is quite
different from the nucleic acid-containing complexes of
two other template-independent polymerases, CCA add-
ing enzyme and terminal deoxynucleotidyltransferase. All
three enzymes belong to the polymerase b family but con-
tain no homology outside of the catalytic palm domain. In
both other structures, the active site cleft into which the
nucleic acid substrate binds is wider to accommodate
the single-stranded oligonucleotide chains, which are
much more solvent exposed and generally form base-
stacking interactions (Delarue et al., 2002; Tomita et al.,
2004). This is in stark contrast to the extensive protein-
RNA interactions observed in the PAP ternary complex.
The trajectory of the RNA leaving the active site also differs
when PAP is compared to these other polymerases. PAP
is also distinct from other ssRNA-binding proteins.
Though the C-terminal domain of PAP contains an RNA
recognition motif (RRM), the way in which this domain in-
teracts with the RNA is completely dissimilar to that seen
in other RRM proteins. RNA is generally bound to a partic-
ular face of RRM domains (Conte et al., 2000), but in
PAP, this RNA-binding surface is largely occluded by
C-terminal domain residues 419–439. Furthermore,
Table 1. Crystallographic Statistics
Space group P212121
Wavelength (A˚) 1.0809
Cell parameters (A˚) 67.633, 85.907, 107.469
Resolution (A˚) 1.8
Data source NSLS beamline X29A
Rsym (last shell) (%) 7.2 (27.5)
Completeness (last shell) (%) 95.7 (76.0)
I/sI (last shell) 52.0 (4.6)
Redundancy (last shell) 12.0 (7.5)
R factor (all data) (%) 19.08
Rfree (5.1%) (%) 22.54
Mean B factors (A˚2)
Protein 27.79
ATP 22.38
RNA 35.34
Solvent 38.29
Root-mean-square deviation
from ideal geometry
Bonds (A˚) 0.010
Angles () 1.24
Ramachandran outliers 1 (0.2%)Ltd All rights reserved
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PAP Substrate Binding and CatalysisFigure 1. Structure of PAP in Complex
with ATP and RNA
(A) The structure of the closed, ternary com-
plex of PAP is shown in purple, and ATP and
RNA are shown in white and yellow, respec-
tively. The middle domains of the earlier PAP
structures have all been superimposed with
that of the ternary complex, and the earlier
structures are shown as transparent ghosts
to highlight the domain movements.
(B) Two views of the surface representation of
the PAP-ATP-RNA complex are shown. The
color reflects the surface electrostatics, where
the color gradient from red to white to blue cor-
responds to 8 KT to 0 KT to +8 KT. The left
view is rotated 45 degrees relative to that
shown in (A). The 5 and 4 RNA nucleotides
(yellow) are seen exiting a cleft formed by the
three domains. The right view has been rotated
180 about the vertical axis relative to the left,
so that the ATP-binding side of the active site
cleft is visible. Parts of the ATP base (green)
and the 2 nucleotide (yellow) are seen. The
nucleotide at the 30 end is hidden within the ac-
tive site cavity.although ssRNA does interact with the C-terminal domain,
it does so through residues which are on the opposite side
of the RRM’s central b sheet relative to the RNA-binding
parts of the other structures.
Other than those of bovine PAP, the structures most
similar to yeast PAP are those of the trypanosomal termi-
nal uridylyltransferases TbRET2 and TbTUT4 (Deng et al.,
2005; Stagno et al., 2007). These proteins add a uridine
residue to the 30 end of a single-stranded RNA primer in
a template-independent reaction, and they are homolo-
gous to PAP throughout the PAP’s N-terminal and middle
domains. TUTases lack PAP’s C-terminal domain, but, like
PAP, they are capable of significant domain closure. There
is no crystal structure of a TUTase with the 30 end position
occupied. As discussed below, superimposition of PAP
with TUTases reveals a very similar incoming nucleotide
orientation, and as there is space in the TUTase structures
for a nucleotide similar to that at position 1 in PAP, it
would appear that the PAP structure is a good model for
the TUTase ternary complex (Figure S2).
There are 24 protein-RNA interactions that are medi-
ated by an extensive network of highly ordered water
molecules, most of which are buried (as defined in Exper-
imental Procedures) within the interior of the complex (Fig-Structure 15, 1117–1131ures 2 and 3). Overall, 58 water molecules are completely
buried, and 31 of these are within the central, substrate-
binding cavity. The degree to which the individual water
molecules are buried is indicated in Figure 2, and all of
the solvent molecules are shown in Figure S3. These or-
dered waters are mostly hydrogen bonded to the polar
atoms of the adenine bases as well as to the phospho-
diester backbone. Consequently, the poly(A) substrate
remains largely solvated in the enzyme ternary complex.
Recognition of the 20 and 30 hydroxyl groups of the ribose
of ATP is also mediated by bridging waters, which seems
to be a strategy employed in many structurally unrelated
ribonucleotide-binding proteins (Babor et al., 2002). As
discussed below, some of the waters, particularly those
that interact with the base of ATP, could help ensure sub-
strate specificity.
Substrate Binding Determinants
In the sections below, the individual bases will be referred
to by their position on the chain, with 1 being the 30 end
of the RNA and 5 denoting the 50 end. The nucleotide at
position5 leaves the protein and interacts with F511 and
K478 in a neighboring molecule. We do not believe this
interaction is physiologically important. Poly(A) residue, September 2007 ª2007 Elsevier Ltd All rights reserved 1119
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PAP Substrate Binding and Catalysis4 is located at the surface of the enzyme, partially ex-
posed to the solvent. The adenine bases at positions
1, 2, and 3 are completely buried within the closed
structure, and PAP interacts with the 20 hydroxyl groups
of each of these nucleotides. These observations are con-
sistent with earlier studies indicating that DNA primers are
poor substrates for the enzyme (Edmonds, 1990) and that
efficient polyadenylation requires a primer of at least three
residues (Zhelkovsky et al., 1998).
PAPdoes not exhibit great specificity with respect to the
sequence of its RNA substrate (Butler andPlatt, 1988; But-
ler et al., 1990). This is consistent with the requirement for
initiating polyadenylation at non-poly(A) sequences that
can occur in freshly cleaved pre-mRNA substrates (Zhao
et al., 1999). There are, however, three base-specific inter-
actions with the RNA observed in the crystal structure.
Two of these are between the protein and the RNA base
at position 4, where the side chains of Lys392 and
Glu487 make hydrogen bonds with the N1 and N6 atoms
of thebase, respectively. The4nucleotide lies on the sur-
face of theC-terminal domain and exhibits relatively highB
factors, suggesting that it may not be as well anchored to
the protein as the bases at positions 1, 2, and 3. In
addition to the two interactions mentioned above, the hy-
drophobic face of the4 base sits atopC-terminal domain
residues Leu388 and Leu491, and the 20 hydroxyl makes
a hydrogen bond with the side chain of His314. As the
base-specific interactions we observe at position 4 are
at the protein surface, there is likely little energetic penalty
associated with their loss when other nucleotides occupy
this position because hydrogen bonds to the base can
easily be replaced by those to water.
The nucleotide at position3 interacts with all three do-
mains of the polymerase. The side chain of Gln294 makes
a hydrogen bond with the N6 position of the adenine ring,
potentially providing base specificity at this position;
however, this residue is not conserved. The 3 base is
sandwiched between highly conserved residue Phe140,
from the N-terminal domain, and His314, from the middle
domain. The side chains of both of these residues were
exposed to solvent in earlier PAP structures and appeared
highly flexible, as indicated by their B factors and in some
cases the absence of side-chain electron density. Con-
served residue Arg387 from the C-terminal domain also
interacts with the 3 phosphate moiety, as does His314.
The latter residue is replaced with tyrosine in higher eu-
karyotes, thus presumably retaining both its base stacking
and hydrogen-bonding functions. Finally, the 20 hydroxyl
makes a hydrogen bond with the side chain of Asn315.
As is typical for the remaining nucleotides in this structure,
this nucleoside makes six water-mediated interactions.Structure 15, 1117–1131Many of these interactions, as well as the protein atoms
to which these water molecules are coordinated, are
detailed in Figures 2 and 3.
The base of the 2 nucleotide is sandwiched between
the N- and C-terminal domains. One side of its hydropho-
bic surface interacts with Val136; the other contacts
Gly380 and Ser384 from helix N. The 20 hydroxyl of this
nucleotide makes a hydrogen bond with Lys145, and an
additional hydrogen bond is made between the phos-
phate moiety and the main-chain amide of Phe140. All of
these residues are very highly conserved, and again there
are well-ordered, buried water molecules which make
additional interactions with the nucleotide.
The base of the 30-terminal residue (1 position) of the
poly(A) substrate is sandwiched between the side chain
of Val141 and the base of the incoming ATP. In addition,
hydrogen bonds are formed between the 20 hydroxyl and
the side-chain hydroxyl of Tyr87 and between the back-
bone phosphate oxygen and the dN of Asn226. In the
two-metal ion-dependent nucleotidyltransferases, the 30-
terminal residue is also bound through coordination of
the 30 hydroxyl group to a second, so-called catalytic
Mg2+ ion (Batra et al., 2006; Sawaya et al., 1994, 1997).
The mutation of Asp154 abrogates binding of this metal,
and this interaction is not observed in the present struc-
ture. Nonetheless, the positions of the MgATP and the
poly(A) terminus observed in the structure generally con-
form to this mechanism. The position of the1 nucleotide
coincides well with the nucleotide (30-dAMP) bound at the
poly(A) subsite in the earlier structure of yeast PAP (Bard
et al., 2000) (Figure 4A) and with the nucleotides observed
in structures of DNApol b (Sawaya et al., 1997) (Figure 4B).
Furthermore, despite the absence of the secondMg2+, the
30 hydroxyl is located 3.2 A˚ from the a phosphorus atom of
ATP, as if poised for nucleophilic attack. This all supports
the overall correctness of the nucleotide conformation in
this structure.
The triphosphatemoiety of ATP exhibits tridentate coor-
dination to metal B, and this Mg2+ exhibits octahedral
geometry involving coordination to the side-chain carb-
oxylates of Asp100 and Asp102 and an ordered water, in
addition to the triphosphate (Figure 4). This structural
arrangement is an essential characteristic of this class of
enzymes (Sawaya et al., 1997). Additionally, the g-phos-
phate of ATP makes direct contact with the side chains
of Ser89, Lys215, and Tyr224. The latter two interactions
are formed only in the closed enzyme state. A backbone
amide from Ser89 forms an additional hydrogen bond to
the nonbridging oxygen of the b-phosphate. The non-
bridging a-phosphate oxygen is exposed to solvent mole-
cules and does not interact with active site residues, aFigure 2. Determinants of ATP and RNA Binding
Interacting residues from the N-terminal, middle, and C-terminal domains are colored yellow, green, and cyan, respectively. Residues within cloud-
shaped bubbles on either side of the bases indicate hydrophobic/van der Waals interactions. Water molecules (circles) are color coded based on the
degree to which they are buried within the interior of the protein; those colored dark blue are completely buried (see Experimental Procedures). Those
colored gray-blue are at the protein surface. Others are colored intermediate shades of blue depending on how many shells of water needed to be
removed in order for the water atoms to become exposed. Asp154 and the second Mg2+ ion are shown in gray. Eight additional water molecules
interact with the triphosphate moiety of the ATP. These are not shown for clarity, and because the water structure in this region may be altered
due to the D154A mutation. The base at position 5 interacts with a neighboring PAP molecule and is not shown., September 2007 ª2007 Elsevier Ltd All rights reserved 1121
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PAP Substrate Binding and CatalysisFigure 3. Stereo Views of the Substrate Binding Sites of PAP
Detailed substrate interactions formed in the closed, ternary complex. ATP (yellow carbons) and the 30 end (blue carbons) are shown along with PAP
with the surrounding amino acids (green carbons) and water molecules (red spheres).1122 Structure 15, 1117–1131, September 2007 ª2007 Elsevier Ltd All rights reserved
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PAP Substrate Binding and Catalysisresult consistent with previous studies (Balbo et al., 2007).
The coordination environment about this oxygen is impor-
tant because a partial negative charge develops here in
the transition state (Burgers and Eckstein, 1979; Steitz
and Steitz, 1993). Exposure of this atom to solvent and
the absence of an appropriately positioned acidic residue
is evidence that water-derived protons function in charge
stabilization during catalysis.
Structural Basis for Nucleotide Base Recognition
A central question regarding the mechanism of PAP con-
cerns the structural determinants for ATP specificity. The
present structure confirms that domain closure results in
the formation of new interactions, both direct and water-
mediated, between the enzyme and the nucleotide sub-
Figure 4. Comparison of the Active Site with Other Structures
(A) The a carbons of the N-terminal domain of the RNA-bound PAP
molecule were superimposed with those of the two crystallographi-
cally independent molecules from PDB ID code 1FA0. In the earlier
structure, each of the two molecules contained two molecules of 30-
dATP at the active site. The structure presented in this paper is shown
in blue. The earlier structures are shown in green (molecule A) and
yellow (molecule B). The middle and C-terminal domains are not
shown because they occlude the nucleotides.
(B) Superposition of the PAP active site with that of DNA polymerase
b (PDB ID code: 2FMS) demonstrates very similar structure and
geometry with respect to the ligand environment about metal B. PAP is
shown inblue,with theMg2+ ion inblack.Polymeraseb is shown ingreen,
with its twometal ions in teal. As in polymerase b, a water molecule (also
present in the earlier yeast PAP structures) completes the octahedral
geometry of metal ion B. Distances between the Mg2+ in the ternary
PAP complex and its six ligands range from 2.02 to 2.16 A˚.Structure 15, 1117–1131,strate. It also suggests that there are multiple factors
determining nucleotide base recognition. Overall, the
nucleotide binding site exhibits good surface complemen-
tarity to the MgATP, but there are no direct hydrogen
bonds observed between the enzyme and the adenine
base. The surface of the binding site of the adenine-ribose
moiety in PAP is defined primarily by two features: (1) non-
polar interactions above and below the plane of the
adenine base and to the sugar, and (2) water-mediated in-
teractions to polar groups in the plane of the base and to
the sugar hydroxyl groups. These results seem to conform
to general principles utilized in many, structurally unre-
lated, adenylate-binding proteins (Moodie et al., 1996).
There is also suggestive evidence that N226 may partici-
pate in adenine recognition via an interaction with the N6
group. As shown in Figure 3, a base-stacking interaction
occurs between the ATP and the 30 terminus of the poly(A)
substrate. The side chain of Val234 makes van der Waals
contact with the ribose-base moiety of ATP, on the oppo-
site face as the base-stacking interaction. Nucleotide
bases formstacking interactions both in solution and in nu-
cleic acids (Broomet al., 1967; Ts’o et al., 1962, 1969),with
the order of stacking preference: purine-purine > purine-
pyrimidine > pyrimidine-pyrimidine. The theoretical free
energy change realized upon purine-purine base stacking
is 2–6 kcal/mol, andA-A stacking ismore favorable than A-
C stacking by 0.5–2 kcal/mol (Friedman and Honig, 1995;
Norberg and Nilsson, 1995). As discussed below, these
energetic values are consistent with the lower catalytic ef-
ficiency exhibited by PAP for nucleotidyltransfer reactions
utilizing the pyrimidine substrate CTP (Balbo et al., 2005).
In vivo, the terminal nucleotidyl residue formed by cleav-
age at the poly(A) site is often, but not always, adenylate
(Zhao et al., 1999). Previously, we studied the role of
base stacking in substrate binding and the effect of alter-
native 30-terminal bases by measuring the kinetics of the
reaction: A17-C + MgATP # A17-CA + MgPPi (Balbo
et al., 2005). The catalytic efficiency for this reaction was
10-fold lower than the reaction with A18 and MgATP, sup-
porting the assertion that base stacking is significant.
Base stacking might provide a substantial amount of
substrate binding free energy, but it does not explain
specificity between ATP and GTP. PAP exhibits 800-fold
lower catalytic efficiency when GTP is utilized as a sub-
strate instead of ATP (this work), strongly suggesting
that other factors are involved in base recognition. Dis-
crimination between adenine and guanine is largely based
on differential electrostatic properties and shape (Moodie
et al., 1996; Nobeli et al., 2001). In the present structure,
three water molecules, which are completely buried within
the interior of the complex, coordinate the N3, N6, and N7
positions of the incoming nucleotide base. Substitution of
the N6 of adenine with the O6 of guanine replaces an
H-bond donor with an H-bond acceptor, and results in
protonation of the N1 atom, altering its H-bonding proper-
ties as well. These perturbations would be expected to
have significant consequences on base recognition even
if molecular recognition at any of these positions is medi-
ated by a buried water. Also, the adenine near the C2September 2007 ª2007 Elsevier Ltd All rights reserved 1123
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PAP Substrate Binding and CatalysisTable 2. Steady-State Kinetic Parameters for PAP and Mutants
Adenylyltransfer: An + ATP# A(n+1) + PPi
PAPD10 WTa N189A N226A K215A Y224F
V1 (min
1) 846 (±127) 665 (±111) 402 (±81) 191 (±54) 904 (±511)
Kia (mM) 93.2 (±28.9) 70.2 (±16.1) 54.0 (±7.6) 123.2 (±17.9) 92.8 (±15.8)
Ka (mM) 46.8 (±12.4) 106.0 (±26.3) 367.2 (±87.0) 195.0 (±75.8) 711.6 (±448.3)
Kib (mM) 71.5 (±22.2) 53.0 (±9.8) 36.6 (±4.0) 256.8 (±45.7) 121.1 (±20.5)
Kb (mM) 35.9 (±12.6) 80.0 (±21.4) 249.0 (±62.3) 406.3 (±145.9) 928.8 (±583.3)
Pyrophosphorolysis: An + PPi# A(n1) + ATP
V2 (min
1) 189 (±296) 54.6 (±53.4) 21.9 (±26.1) n.d. 3.8 (±1.5)
K0a (mM) 2270 (±3600) 1170 (±1213) 1678 (±2089) n.d. 121 (±54)
Kip
b (mM) 28 (±46) 43 (±42) 18 (±21) 465 (±62) 285 (±28)
Kp (mM) 671 (±1100) 721 (±726) 563.0 (±689) n.d. 375 (±167)
Keq
c 85 97 42 n.d. 95
Cytidylyltransfer: An + CTP# An-C + PPi
V1 (min
1) 8.6 (±1.9) 8.9 (±1.8) 1.04 (±0.17) 0.51 (±0.24) 4.7 (±20.9)
Kia (mM) 71.0 (±18.1) 62.4 (±12.9) 64.9 (±11.9) 216.7 (±58.0) 72.2 (±17.0)
Ka (mM) 64.2 (±22.5) 145.6 (±41.9) 131.8 (±32.8) 129.9 (±105.1) 3.5 mM (±15.9)
Kib (mM) 114.6 (±29.2) 63.6 (±12.8) 69.2 (±12.4) 614.7 (±265.8) 96.3 (±22.5)
Kb (mM) 103.6 (±36.2) 148.3 (±40.1) 140.6 (±33.1) 368.5 (±234.6) 4.7 mM (±21.3)
Guanylyltransfer: An + GTP# An-G + PPi
V1 (min
1) 2.1 (±0.6) 0.64 (±0.17)
Kia (mM) 101.7 (±34.1) 119.4 (±39.7)
Ka (mM) 259.2 (±90.0) 246.6 (±82.5)
Kib (mM) 24.2 (±4.8) 26.7 (±4.9)
Kb (mM) 61.7 (±27.8) 54.9 (±24.7)
n.d., not determined.
a PAPD10 WT reactions (except GTP utilization) are from Balbo et al. (2005).
b Kip values for K215 and Y224F were determined from product inhibition experiments; these values were treated as fixed param-
eters in the analysis of the pyrophosphorolysis data using Equation 1, where the termK0aKip, which is equivalent to KiaKp, was used.
c Calculated from the Haldane equation (Gold et al., 1970), Keq = V1Kp/V2Kb.position is packed in a small pocket formed by the side
chains of Thr304, Met310, and Ala312. Therefore, steric
exclusion might contribute to negative selection against
the 2-amino group of GTP.
Finally, the proximity of Asn226 to the adenine moiety of
ATP has led to previous speculation of its involvement in
base recognition (Balbo et al., 2007; Bard et al., 2000). In
the present structure, the dO of Asn226 is only 3.57 A˚
from the N6 position of the ATP. A small change in the
nucleotide or side-chain conformation, perhaps by resto-
ration of the Asp154 side chain and the second Mg2+,
could align these groups and promote an interaction.
Indeed, no other active site residue is close enough to
the nucleotide to make a base-specific contact without
a large structural rearrangement of the active site. To
investigate the role of Ans226 in nucleotide specificity, a
kinetic analysis of GTP utilization by PAP (WT) and the
N226A mutant was performed (Table 2). As is the case
for CTP (Balbo et al., 2005), substrate selectivity against1124 Structure 15, 1117–1131, September 2007 ª2007 ElsevierGTP is manifested in Vmax, rather than Km. Figure 5A re-
ports the apparent DDGcat contributed by each mutated
residue as measured for a given reaction. The small dis-
crepancy between the DDGcat for the reactions utilizing
ATP andGTP (1.29 – [0.74] =0.54 kcal/mol) is consis-
tent with a small degree of antagonism between N226 and
the guanine base, as would be expected if this residue is
involved in the negative selection of GTP. However, due
to the limitations in interpreting kinetic studies of this
nature, such speculation should be made cautiously.
Presently, stronger evidence indicating an ATP-Asn226
interaction is unavailable.
Kinetics of PAP Mutants
Kinetic studies were undertaken to investigate the rela-
tionship between substrate binding, domain movement,
and catalysis. We describe below amodel wherein the en-
zyme converts between open and closed conformations
during the catalytic cycle and residues in the central cavityLtd All rights reserved
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PAP Substrate Binding and CatalysisFigure 5. Kinetics and Mutagenesis of PAP
(A) Total apparent free energy contributions to catalysis (DGcat) from
mutated residues. Values are derived from nucleotidyltransfer (utilizing
ATP, CTP, or GTP) or pyrophosphorolysis (PPi) reactions.
(B) Relative difference free energy changes DDGz and DDGES against
the total difference free energy changes for catalysis of nucleotidyl-
transfer, DDGcat. The DDGcat is the total difference free energy change
of a particular enzyme in either reaction utilizing ATP (right) or CTP (left)
relative to the cytidylyltransfer reaction, An +MgCTP# An-C +MgPPi,
catalyzed by K215A. The data points for DDGz (red) and DDGES (blue)
are relative to the appropriate term for the cytidylyltransfer reaction of
the K215A and Y224F mutant (the lowest value in each case), respec-
tively. Large values on the y axis indicate either a faster rate, V1 (DDG
z),
or greater free energy release upon formation of theMichaelis complex
(DDGES) relative to the reference reaction.Structure 15, 1117–1131,function to stabilize the closed conformation of the en-
zyme-substrate ternary complex. Full active site assembly
occurs only upon formation of the closed state, and thus
proper substrate recognition, which induces formation of
the closed state, will promote catalysis. This results in nu-
cleotide specificity appearing in the Vmax term, rather than
Km. Previously, yeast and bovine PAP have both been the
subject of mutagenesis/activity studies (Martin et al.,
1999, 2004; Zhelkovsky et al., 2004), however these stud-
ies did not consider such a model. Rather than attempt to
reinterpret the existing data, which is complicated by the
use of different reaction conditions, different methods of
assaying activity, and intrinsic differences between the
yeast and mammalian enzymes, we have chosen to per-
form a highly detailed analysis of a subset of mutations.
Here, the mutants N189A, K215A, Y224F, and N226A
were characterized; these residues are all located in the
active site cleft and are or have been implicated in sub-
strate binding and recognition. Asn189 was previously
suggested to be important in ATP specificity (Martin and
Keller, 2004). It is located at the hinge between the N-ter-
minal and middle domains, and although it does not inter-
act with either substrate, it does make a tertiary contact
with the carbonyl oxygen of Tyr307. This bridging interac-
tion between the N and middle domains occurs only in the
closed state. Lys215 and Tyr224 bind the g-phosphate of
ATP in the closed state and were observed to interact with
the product, PPi, in the open state (Bard et al., 2000).
Asn226 is in the middle domain. It does not interact with
substrates in the open state; but in the closed state, it con-
tacts a backbone phosphate of the poly(A) and possibly
also the ATP base (see discussion above).
The steady-state kinetic mechanism of PAP is rapid
equilibrium random, and the overall rate is limited by the
chemical step (Balbo et al., 2005). The steady-state kinetic
parameters (Equations 1 and 2) were evaluated for these
mutant enzymes in both the forward (polyadenylation)
and reverse (pyrophosphorolysis) directions and for the
cytidylyltransfer reaction utilizing the alternative nucleo-
tide substrate CTP. The results are reported in Table 2
alongside the published results (Balbo et al., 2005) for
wild-type PAP. For each mutant, difference free energy
changes relative to wild-type PAP were calculated for
(C and D) Thermodynamics of PAP substrate specificity and catalysis.
The free energy change upon E+A+B#EAB is a function of the prod-
uct of KiaKib (or KaKib). Here, the relative difference free energies were
calculated using Kb as the substrate binding term, rather than KiaKb,
thus DGES here refers to EA + B# EAB. This comparison is valid, as
the Kia terms for the mutants were determined to be essentially invari-
ant. In each case, the magnitude of the energy barrier from EAB to the
transition state was calculated using V1; the barrier from the transition
state to EAP for wild-type and Y224F was calculated using V2 (Table 2).
(C) Results for the adenylyltransfer reactions catalyzed by wild-type
PAP (black), Y224F (blue), K215A (green), and the cytidylyltransfer
reaction of WT (red).
(D) The wild-type adenylyltransfer reaction with labels, illustrating DG
terms discussed in the text. The magnitude of DGIB was estimated
from the CTP reaction according to DGIB = DGcat
ATP  DGcatCTP, and
represents the total free energy difference realized uponmolecular rec-
ognition of the adenine base of ATP (relative to CTP).September 2007 ª2007 Elsevier Ltd All rights reserved 1125
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PAP Substrate Binding and Catalysiseach of the reactions performed (Figure 5A) including nu-
cleotidyltransfer utilizing ATP, CTP, or GTP and pyrophos-
phorolysis. These are defined as DDGcat = RTln([V/
KmKi]
WT/[V/KmKi]). These values measure the apparent,
total free energy contribution of the residue to both sub-
strate binding and catalysis. Agreement among the values
for a given mutation reflects consistency between the dif-
ferent sets of experiments. Additionally, for each experi-
ment involving the nucleotidyltransfer reactions with ATP
or CTP, the values DDGES and DDG
z (see Experimental
Procedures) were calculated and plotted against the total
difference in free energy change (DDGcat) relative to a ref-
erence reaction (the cytidylyltransfer reaction catalyzed by
K215A) (Figure 5B). This treatment of the data illustrates
the relationship between the total free energy change for
catalysis, DDGcat, and the individual energy contributions
to this term from substrate binding (DDGES) and the chem-
ical (rate-determining) step (DDGz).
Certain generalizations can be made upon inspection of
the data in Table 2 and Figure 5. With regard to adenylyl-
transfer activity, all mutations primarily exert their effect on
the Km terms Ka and Kb. For the rapid equilibrium random
mechanism employed by PAP, these terms reflect the
equilibrium dissociation constants of the poly(A) (Ka) and
ATP (Kb) substrates from the enzyme-substrate ternary
complex (see Balbo et al., 2005 for a thorough discussion).
In contrast, the inhibition constants, Kia and Kib, reflect
dissociation of poly(A) and ATP, respectively, from the bi-
nary complex. Importantly, the observation that a given
mutation (see N226A, Y224F) has an essentially equal ef-
fect on both Ka and Kb, but essentially no effect on the Ki
terms, indicates that these mutations do something other
than simply disrupt substrate ‘‘binding.’’ We argue below
that these mutations affect the equilibrium between the
open- and closed-domain forms of the enzyme. Even
N189A, a residue that does not directly contact substrates
but bridges the N and middle domains in the closed state,
exhibits a Km effect. Furthermore, these mutations have
a comparatively small effect on V1, suggesting that the
catalytic machinery was uncompromised. This result is
consistent with the location of these residues, which are
at the active site but away from the chemically reactive
parts of the substrate(s).
In contrast, for the pyrophosphorolysis reaction (Table
2), the mutations primarily affect the maximal velocity
(V2). For N189A and N226A, the Ki and Km terms were
very similar to those of wild-type. Interestingly, the
Y224F (and K215A) mutant(s) showed lower affinity for
MgPPi in the binary complex (Kip), but the total free energy
change (calculated from the product K0aKip) upon enzyme-1126 Structure 15, 1117–1131, September 2007 ª2007 Elsevierproduct ternary complex formation by Y224F is similar to
that of wild-type (DDG = 0.4 kcal/mol) due to a compensa-
tory increase in affinity for An in the ternary complex.
Attempts to fit the pyrophosphorolysis data for K215A
were unsuccessful; they did suggest, however, that the
Km values were much greater than 10 mM (not shown).
The cytidylyltransfer data exhibit more scatter than
those for the reactions involving ATP. Even so, the total
free energy change upon mutation calculated from these
data is mostly consistent with those from the other exper-
iments (Figure 5A). The largest discrepancy (0.5–0.6 kcal/
mol) between these and the other data sets involves
K215A and Y224F and suggests that the compound effect
of mutating either K215 or Y224 and utilization of the CTP
is not additive. This could possibly reflect the binding of
CTP in an alternative (i.e., non-ATP-like) binding mode.
Aside from this complication, the important generalization
from this data set, particularly the experiments with wild-
type, N189A, andN226A, is that theDDGcat is primarily ac-
counted for in the maximal velocity rather than substrate
binding (Figure 5B), a qualitatively different result from
the adenylyltransfer data set. As Figure 5B also illustrates,
when CTP is utilized by WT PAP, the apparent ‘‘binding’’
energy is similar to that when ATP is utilized, and the
main difference is in the reaction velocity. This was previ-
ously noted (Balbo et al., 2005) and indicates differences
in the mechanisms for utilization of ATP and CTP. As men-
tioned above, the N226A mutant also exhibits a velocity
effect for the guanylyltransfer reaction, mirroring the result
for the CTP reaction. A general mechanism accounting for
this phenomenon is discussed in detail below.
Mechanism of Poly(A) Polymerase
The kinetic results can be rationalized by the mechanism
described in Scheme 1, where A = poly(A), B = MgATP,
P = MgPPi, and E = PAP; the designation E
0 refers to the
enzyme when the poly(A) substrate is bound in the prod-
uct-binding mode. This mechanism amends our previous
model (Balbo et al., 2005) by introducing conformational
change steps (domain reorientation) on either side of the
chemical step. The equilibrium constants describing the
open-to-closed conformational change for the enzyme-
substrate and enzyme-product ternary complexes are
Kc1 and Kc2, respectively, where each Kc is the ratio of
closed enzyme to open enzyme. The central step in which
the chemical transformation of substrates occurs involves
closed complexes and is denoted by the dashed box. In
the sections below, we describe the predicted kinetic be-
havior of the system in Scheme 1 and explain how the mu-
tagenesis results are consistent with such a model.Ltd All rights reserved
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rapid equilibrium random (Balbo et al., 2005), relatively
simple relationships exist between the kinetic parameters
and the thermodynamic equilibrium constants in Scheme
1. It follows from both the previous kinetic study and the
present work that domain movement is also rapid. The ki-
netic effect of internal conformational change steps such
as those proposed here was previously described in the
Tetrahymena ribozyme system. Narlikar and Herschlag
(1998) and Narlikar et al. (1997) should be consulted
for a more detailed description of the kinetic features of
this type of system. Briefly, the conformational change
steps (Kc1 and Kc2 in Scheme 1) will affect the Km terms
for each substrate or product. In each case, the Km term
equals the equilibrium constant (or function of constants)
describing dissociation of the substrate or product from
the appropriate enzyme ternary complex in the open state
divided by the term (1 + Kc). This term causes a reduction
in Km when Kc is significantly greater than 1 (closed con-
formation is favored), and has a negligible effect when
Kc is significantly less than 1 (open conformation is fa-
vored). Definitions for all kinetic parameters are given in
Table 3.
The adenylyltransfer reaction catalyzed by wild-type
PAP can be described by the free energy diagram in
Figure 6A. For reactions having a single, rate-limiting
step, the Michaelis complex corresponds to the lowest-
energy ground-state enzyme-substrate complex that ex-
ists prior to the highest-energy transition-state barrier
(i.e., the rate-limiting step). In this model, the closed
enzyme conformation is of lower energy than the open
conformation, and the Michaelis complex corresponds
to EAB(closed). This idea is supported by previous fluores-
cence quenching results suggesting that MgATP and
poly(A), specifically, induce domain closure (Balbo et al.,
2007). The free energy required to stabilize the closed,
active state is derived from the numerous and extensive
interactions formed in the closed state (tertiary interac-
tions) as a result of binding both ATP and poly(A). Resi-
dues that contribute tertiary interactions will lower the
free energy of both the closed ground state and the tran-
sition state by exactly the same amount, as these interac-
tions occur in both states. This phenomenon has been
called uniform binding (Albery and Knowles, 1976). As
shown in Figure 6B, the effect of mutating residues that
donate tertiary interactions is to destabilize the closed
state, and, hence, lower Kc1 and increase Km. In this situ-
ation, the lowest-energy ground state remains EAB(closed)
and the height of the energy barrier from EAB(closed) to
the transition state is unchanged, thus Vmax is unaffected
by the mutation. The mutagenesis results for the adenylyl-
transfer reaction (Table 2) are consistent with this mecha-
nism. Furthermore, as is diagrammed in Figure 6B, the
mutation does not affect the free energy of the enzyme-
product ternary complex (E0AP), thus the free energy bar-
rier from E0AP to the transition state increases and the
mutants exhibit a velocity effect in the reverse direction.
Thus, the pyrophosphorolysis results are also consistent
with this mechanism. One interpretation of these resultsStructure 15, 1117–113is that the Michaelis complex for the reverse reaction
corresponds to the open enzyme conformation E0AP(open).
The situation diagrammed in Figure 6C represents a differ-
ent mechanism in which the lowest-energy ground state
(the Michaelis complex) is EAB(open). This occurs when
there is insufficient free energy available from tertiary inter-
actions in the closed state (i.e., Kc1 < 1). The data for the
reactions utilizing either CTP or GTP are consistent with
the mechanism of Figure 6C. Substitution of the nucleo-
tide base from adenine to cytidine results in a loss of 3.4
kcal/mol (DDGcat) of available free energy (Balbo et al.,
2005) and from adenine to guanine, 4.0 kcal/mol (this
work). As a result, the open conformation is favored sig-
nificantly over the closed conformation. Because the
Michaelis complex for this reaction corresponds to the
open conformation, the mutants, particularly N226A and
K215A, which affect the energy of the closed state, exhibit
a velocity effect, as described by the model in Figure 6C.
The main catalytic features of PAP as determined from
kinetic experiments, including the site-directed mutagen-
esis (this work) and previous work with alternative sub-
strates (Balbo et al., 2005), are summarized as free energy
diagrams in Figures 5C and 5D. In Figure 5C, the results
for three ‘‘mutations’’ in the forward reaction are com-
pared to the adenylyltransfer reaction catalyzed by wild-
type PAP: Y224F, K215A, and cytidylyltransfer catalyzed
by wild-type PAP (effectively, a ‘‘mutation’’ of the adenine
base of ATP to cytidine). Figure 5D shows only the dia-
gram for the wild-type adenylyltransfer reaction with the
relevant free energy terms indicated. The terms DGcat,
DGES, and DG
z are related to the steady-state kinetic
parameters V/KiaKb, 1/KiaKb, and V, respectively (see Ex-
perimental Procedures). Also indicated are terms relating
to the intrinsic binding energy, DGIB, and strain energy,
DGstrain, where strain represents the energetic penalties
incurred upon formation of the ground state. The relation-
ship between intrinsic binding energy and strain has
been widely recognized (Fersht, 1974; Herschlag, 1988;
Jencks, 1975), and can be represented by DGES =
DGIB + DGstrain. For poly(A) polymerase, DGstrain
represents the free energy utilized in the ground-state
destabilization mechanism. We have demonstrated that
specificity for ATP (versus CTP or GTP) is manifested pri-
marily in the Vmax term (10
2- to 103-fold effect), whereas
only a small (3-fold) effect on Km is observed.Weproposed
an induced-fit mechanism for nucleotide specificity that
was described as a composite of two effects: uniformbind-
ing and ground-state destabilization (Balbo et al., 2005).
The model of Scheme 1 offers an elaboration of this
Table 3. Steady-State Kinetic Parameters of PAP
Polyadenylation Direction Pyrophosphorolysis Direction
Ka = K4/(1 + Kc1) Ka
0 = K6/(1 + Kc2)
Kia =
1
ð1=K1 +1=K7Þ Kp = K5$(1 + K7/K1)/(1 + Kc2)
Kb = K3$(1 + K1/K7)/
(1 + Kc1)
Kip = K8
Kib = K21, September 2007 ª2007 Elsevier Ltd All rights reserved 1127
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PAP Substrate Binding and CatalysisFigure 6. Free Energy Consideration of PAP
Conceptual free energy diagrams for the reaction segment (EA + [B]# EAB[open]# EAB[closed]# E
0AP), including a rate-limiting conversion of
enzyme-bound substrates to products, are depicted. The arrows in each panel refer to free energy differences that correspond to important kinetic
parameters: blue, Km (Kb); red, V1 (maximal rate in the forward direction); violet, V2 (maximal rate in reverse direction).
(A) The reaction catalyzed by wild-type PAP in which the closed conformation of the enzyme-substrate ternary complex is strongly favored over the
open conformation.
(B) The energetic effects of the mutation of residues involved in tertiary interactions that stabilize EAB(closed). The effect of such a mutation is to
increase the energy of the EAB(closed) (ground state) and EAB
z (transition state) by an equal amount, that is, a uniform binding mutation.
(C) An alternative situation, where the lowest-energy ground state is EAB(open), as is evidently the case for the reaction utilizing the alternative nucle-
otide substrateMgCTP. The red arrow is related to the apparentmaximal velocity, Vobs, where Vobs = Fc3 V and Fc is the fraction of enzyme-substrate
complexes that are in the active, closed state.mechanism in structural terms, specifically that ground-
state destabilization occurs in the closed conformation.
In contrast, the cytidylyl- and guanylyltransfer reactions
do not exhibit ground-state destabilization (Balbo et al.,
2005); this is explained in part by perturbation of Kc1 so
that the open complex is favored in the ground state,
thus the energetic penalty from ground-state destabiliza-
tion is not incurred in the formation of the Michaelis com-
plex when alternative NTPs are utilized. The polyadenyla-
tion results for N189A, N226A, and Y224F suggest these
are classic uniform binding mutations (Albery and
Knowles, 1976). The DDGcat for these mutants are %2
kcal/mol, thus leaving sufficient free energy available to
induce the full ground-state destabilization effect. In con-
trast, the K215Amutant, though generally similar to Y224F
(Figure 5C), exhibits a measurable effect on DGz (Fig-
ure 5B). We speculate this is due to weaker induction of
strain in the Michaelis complex, and could suggest that
Lys215 plays a catalytic role, possibly by donation of
a positive charge in the ground state.
Summary
The mechanism for poly(A) polymerase must account for
a number of experimental observations including the
previously demonstrated rapid equilibrium randommech-
anism, domain motion, nucleotide specificity, and the
kinetic effects of PAP mutation. According to the in-
duced-fit mechanism of PAP, the binding of both MgATP
and poly(A) induce a conformational change to form the
closed enzyme state. Analogous domain movements
have been demonstrated in other polymerases (Doublie
et al., 1999), and, indeed, rigid body motion such as do-1128 Structure 15, 1117–1131, September 2007 ª2007 Elseviemain reorientation or flap closure is a common feature in
enzymes. Inmany cases, domainmovement is associated
with the full assembly of the active site and conversion of
the enzyme to a catalytically active state (Hammes, 2002).
Numerous tertiary interactions between residues in the
central cleft and substrates, as revealed in the present
structure, provide the free energy necessary to stabilize
the enzyme in the closed state. Furthermore, a substantial
portion of the intrinsic binding energy derived from ATP
base recognition is utilized to promote the reaction veloc-
ity via a ground-state destabilization mechanism. This is
the basis for manifestation of substrate specificity in the
velocity term (Vmax), rather than the Km. Upon substrate
binding and formation of the E$A$B ternary complex, do-
main closure is induced and adenylyltransfer is then
catalyzed in the closed enzyme state. Because incorrect
nucleotide substrates do not induce the conformational
change, their utilization is inefficient, and substrate disso-
ciation (of the incorrect nucleotide) is likely to occur. The
details of how catalysis is promoted in the closed, fully
assembled active site, including the chemical nature of
the proposed ground-state destabilization mechanism,
remain an important question in the enzymology of PAP
and all polymerase b family enzymes.
PAP functions in vivo as part of a multiprotein complex
which includes a number of RNA-binding proteins (Colgan
and Manley, 1997; Zhao et al., 1999). These proteins
tether the elongating poly(A) substrate to PAP, the effect
of which is to increase the local concentration of RNA at
the site of polyadenylation. PAP is distributive (Lingner
et al., 1991; Wahle, 1991), but appears processive in the
presence of other polyadenylation factors (Preker et al.,r Ltd All rights reserved
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PAP Substrate Binding and Catalysis1997). The kinetic mechanism provides an explanation for
how the intrinsic properties of the polymerase allow for
efficient catalysis in the context of RNA tethering in vivo.
Efficient polyadenylation is governed, in large part, by
the thermodynamics of substrate/product binding and
domain movement. Poly(A) can bind in either of two,
mutually exclusive binding modes (as either a substrate
or product), and it is essential that the product poly(A)
is released efficiently after each round of catalysis. The
high values for K0a and Kp indicate that product dissocia-
tion readily occurs even under the cellular condition of lo-
cally high poly(A) concentration. One new insight provided
by this study (particularly the kinetics of pyrophosphorol-
ysis by the mutants) is that the open conformation of the
enzyme-product ternary complex (E0$A$P) is more stable
than the closed conformation. This suggests that upon
conversion of the enzyme-bound substrates to products,
domain opening is induced, facilitating dissociation of
products from the enzyme after each round of catalysis.
Furthermore, we speculate that the large number of buried
waters in the closed complex serves to lower the kinetic
barrier to domain opening and closing, which must occur
rapidly during successive rounds of adenylyltransfer, by
minimizing the extent of substrate desolvation upon
Michaelis complex formation. These factors together pre-
vent unproductive reaction in the reverse direction and
ensure efficient catalysis and forward flux under cellular
conditions.
EXPERIMENTAL PROCEDURES
Chemicals
All chemicals and buffers were of analytical quality. Luciferin and lucif-
erase were from Promega (Madison, WI, USA). Oligo RNAs (20-depro-
tected, and either PAGE- or HPLC-purified) were purchased from
Dharmacon (Lafayette, CO, USA). Nucleotide and RNA concentrations
were determined by UV absorbance. [2,8-3H]ATP and [5-3H]CTP were
fromPerkinElmer (Boston, MA, USA) as 50%ethanol solutions. Prior to
their use, the ethanol was removed by applying a steady stream of air
over the surface of the solution, and the amount of [3H]nucleotide was
redetermined by liquid scintillation counting using the specific activity
provided by the supplier. [a-32P]GTP was fromMPBiomedicals (Irvine,
CA, USA) in a 5 mM Tris solution (pH 7.5).
Site-Directed Mutagenesis and Enzyme Purification
All experiments utilized the PAPD10 enzyme that contains a 32 amino
acid C-terminal truncation and a C-terminal His6 tag, as described pre-
viously (Balbo et al., 2005) or single-point PAP mutants. Mutants were
prepared by Quikchange (Stratagene, La Jolla, CA, USA) PCR muta-
genesis (Supplemental Data) and confirmed by DNA sequencing (Tufts
University Core Facility). All PAP used in this study was purified by
nickel-affinity and ion-exchange chromatography, as described previ-
ously (Balbo et al., 2005). Protein concentrations were determined by
absorbance at 280 nm (3280
0.1% = 0.99 L$g1$cm1). Prior to enzymo-
logical characterization of the mutants, structural stability was
assessed in a thermal denaturation experiment monitored by circular
dichroism spectroscopy. The buffer was 40 mM KxPO4 (pH 7.0), and
the enzyme concentration was 10 mg/ml. N189A, N226A, and K215A
had a nearly identical Tm as WT PAP (48C, defined as the tempera-
ture at which thermal denaturation is complete); Y224F had altered
thermal stability, with a Tm of 44
C. All enzymes were stable at the
temperature of the kinetics experiments (30C).Structure 15, 1117–1131,Crystallization and Structure Determination
Crystallization of the wild-type enzyme-substrate complex of PAP was
complicated due to catalytic turnover and RNA degradation in the
crystallization drops (data not shown). The protein solution used for
crystallization included 0.23 mM PAP(D154A), 0.45 mM MgATP,
0.27 mM A5, 20 mM NaCl, 10 mM 2-mercaptoethanol, 5 mM KxHPO4
(pH 7.0), and 3% glycerol. Crystals of the PAP-MgATP-A5 complex
were grown by mixing the protein solution with an equal volume of
crystallization buffer (0.1 M bis-Tris propane [pH 6.4], 0.2 M Li acetate,
and 16% PEG 3350) using the hanging drop method. Crystals
appeared in 1 day, and were harvested for data collection after a 3–5
day period of growth. Prior to data collection, crystals were washed
in 30% ethylene glycol, 70% crystallization solution, then cooled in
liquid nitrogen. Drops containing substoichiometric quantities of RNA
yielded a different crystal form, one in which PAP does not adopt its
fully closed conformation and did not exhibit full occupancy of the
substrate binding sites (data not shown), suggesting that the presence
of both substrates is required to induce the closed state.
Data to 1.8 A˚ resolution were collected via ‘‘mail-in crystallography’’
at National Synchrotron Light Source (NSLS) beamline X29A and pro-
cessed using the HKL2000 suite of programs (Otwinowski and Minor,
1997). Data-processing statistics are presented in Table 1. The struc-
ture was solved by molecular replacement, using the program MOL-
REP (Vagin and Teplyakov, 1997). An earlier structure of PAP (PDB
ID code: 2HHP) was used as the search model, and the three domains
were treated as independent units. The structure was fit to the crystal-
lographic data through multiple rounds of refinement wherein
REFMAC (Murshudov et al., 1997) was used for the reciprocal space
refinement, and Coot (Emsley and Cowtan, 2004) was used to manu-
ally build and modify parts of the model. Coot was also used exten-
sively for real-space fitting of the atomic model to the electron density.
The final model contains 519 amino acids, a 5 nucleotide RNA mole-
cule, 1 molecule of ATP, 1 Mg2+ ion, 509 water molecules, and 17
molecules of ethylene glycol cryoprotectant. There is only one Rama-
chandran outlier, Ala225. This residue, which exhibits very good elec-
tron density, sits between two very important residues in PAP, both of
which were mutated in our analysis, and adopts a similar conformation
in earlier structures of the open states of yeast and bovine PAP.
Structure Analysis
Accessible surface area calculations were performed within the CCP4
program suite (CCP4, 1994), using the program AREAIMOL (Lee and
Richards, 1971) and a probe radius of 1.4 A˚. Electrostatics were calcu-
lated using PDB2PQR (Dolinsky et al., 2004) and APBS (Baker et al.,
2001). Molecular graphics figures were generated using PyMOL
(DeLano, 2002). To characterize the surface exposure of water mole-
cules, the accessible surface area for each individual water molecule
was calculated, and those with greater than 3 A˚2 exposed to the exte-
rior of the protein-RNA-ATP-Mg2+-water complex were removed. (The
surface area of an isolated water molecule is 113 A˚2. Thus, in our
calculation, all water molecules exposing at least 2.6% of their surface
to the exterior are considered ‘‘exposed.’’) This procedure was re-
peated four times, each cycle removing a new shell of water from
the structure. The ethylene glycol molecules were treated in the
same manner. On the fifth cycle, no waters were flagged as being ex-
posed, but 58 water molecules remained. These we describe as being
‘‘completely buried.’’
Kinetics Assays
Initial rates of polyadenylation from the reaction of tritium-labeled
MgATP and A18were determined at pH 7.0 and 30
Cusing a discontin-
uous assay measuring the incorporation of [3H]adenylate into the acid-
insoluble fraction, as previously described (Balbo et al., 2005). The
initial rates of cytidylyltransfer were measured from the reaction of
tritium-labeled MgCTP and A18 in an analogous manner. The term
Kip was independently determined in product inhibition experiments
in which the initial rates of polyadenylation were measured at a single
[A18] as a function of both MgATP and MgPPi. The initial rates ofSeptember 2007 ª2007 Elsevier Ltd All rights reserved 1129
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PAP Substrate Binding and Catalysispyrophosphorolysis from the reaction of MgPPi and A18 at pH 7.0 and
30C were determined by the previously described method (Balbo
et al., 2005) which measures ATP formed by the luciferin/luciferase as-
say (Ford and Leach, 1998).
Kinetic Model and Data Analysis
The initial rate data were fitted to the steady-state rate equation
describing a bireactant system, Equation 1, by nonlinear regression,
using the program gnuplot (http://www.gnuplot.info/). For competitive
(product) inhibition experiments with MgPPi, data were fitted to Equa-
tion 2, where v is themeasured initial velocity, V is themaximal velocity,
V1 (forward) or V2 (reverse), and K is an apparent constant. Throughout
the manuscript, reactant concentrations are represented as follows:
A = An, B = MgATP
2 (or MgNTP2), and p = MgPPi
2. When pyro-
phosphorolysis was studied, Equation 1 was modified by substituting
B with P, Ka with K
0
a, and Kb with Kp.
Equation 1 : v =
VAB
KiaKb +KbA +KaB+AB
Equation 2 : v =
VA
K

1+P=Kip

+A
Free Energy Calculations
The difference free energy (DG) terms associatedwith the steady-state
kinetic mechanism of PAP as defined here and used in the preparation
of Figures 5C and 5D were calculated as follows: DGz = RTln(hkcat/
kT); DGES = RTln(KaKib); DGcat = DG
z + DGES, where R is the gas con-
stant (1.9872 cal/mol$K), h is Planck’s constant (6.626 3 1034 J/s), k
is Boltzmann’s constant (1.38073 1023 J/K), T is temperature (K), kcat
is the experimentally determined maximal velocity (s1) of either the
nucleotidyltransfer (V1) or pyrophosphorolysis (V2) reactions, and KaKib
is the product of the so-called inhibition and Michaelis constants in
units, M2. For Figures 5A and 5B, the difference difference free energy
terms were calculated as follows: DDGcat = RTln([V/KmKi]ref/[V/
KmKi]), DDGES = RTln([KmKi]
ref/[KmKi]), DDG
z = RTln(Vref/V), where
the superscript ‘‘ref’’ indicates the kinetic parameter from the reference
reaction. In these calculations, each concentration-dependent term
was multiplied by 1 M; therefore, the DG terms here represent stan-
dard-state values.
Supplemental Data
Supplemental Data include three figures and a list of PCR primers and
can be found with this article online at http://www.structure.org/cgi/
content/full/15/9/1117/DC1/.
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